Long-term depression (LTD) in sensory cortices depends on the activation of NMDA receptors. Here, we report that in visual cortical slices, the induction of LTD (but not long-term potentiation) also requires the activation of receptors coupled to the phospholipase C (PLC) pathway. Using immunolesions in combination with agonists and antagonists, we selectively manipulated the activation of ␣1 adrenergic, M1 muscarinic, and mGluR5 glutamatergic receptors. Inactivation of these PLC-coupled receptors prevents the induction of LTD, but only when the three receptors were inactivated together. LTD is fully restored by activating any one of them or by supplying intracellular D-myo-inositol-1,4,5-triphosphate (IP 3 ). LTD was also impaired by intracellular application of PLC or IP 3 receptor blockers, and it was absent in mice lacking PLC␤1, the predominant PLC isoform in the forebrain. We propose that visual cortical LTD requires a minimum of PLC activity that can be supplied independently by at least three neurotransmitter systems. This essential requirement places PLC-linked receptors in a unique position to control the induction of LTD and provides a mechanism for gating visual cortical plasticity via extra-retinal inputs in the intact organism.
Introduction
Selective synaptic weakening driven by sensory experience is essential for the postnatal maturation of cortical circuits and also for learning and memory in the adult brain (Kandel and O'Dell, 1992; Singer, 1995; Katz and Shatz, 1996; Bear and Rittenhouse, 1999) . Long-term depression (LTD) of synaptic strength can be elicited virtually throughout all cortical regions, although the induction mechanisms are diverse and may vary in different systems (Malenka and Bear, 2004) . Two distinct forms of LTD coexist in the hippocampus: one depends on the activation of NMDA receptors (NMDARs) (Dudek and Bear, 1992; Mulkey and Malenka, 1992) , whereas another type is linked to the activation of type I metabotropic glutamate receptors (mGluRs) (Oliet et al., 1997; Palmer et al., 1997; Huber et al., 2000) . Other types of LTD that require coactivation of mGluRs and NMDARs have been described in the perirhinal cortex (Cho et al., 2000) and in frontal cortex LTD (Otani et al., 1999) .
The role of NMDARs in LTD in the supragranular layers of sensory cortices is well established (Kirkwood and Bear, 1994; Castro-Alamancos et al., 1995; Allen et al., 2003; Rao and Daw, 2004) , whereas the possible involvement of mGluRs is still debated (Haruta et al., 1994; Huber et al., 1998; Sawtell et al., 1999) .
Indeed, the observation that application of NMDAR agonists can induce LTD in the hippocampus and visual cortex in vitro support the supposition that activation of NMDARs is not only necessary but also sufficient for the induction of NMDARdependent LTD in these cortical regions (Kandler et al., 1998; Lee et al., 1998; Dodt et al., 1999) . In contrast, in vivo studies indicate that developmental plasticity in the sensory cortex not only requires NMDARs (Kleinschmidt et al., 1987; Fox et al., 1996; Roberts et al., 1998; Daw et al., 1999; Iwasato et al., 2000) but also depends on the integrity of cholinergic, noradrenergic, and serotonergic innervation (Kasamatsu and Pettigrew, 1976; Bear and Singer, 1986; Gu and Singer, 1995; Siciliano et al., 1997; Gu, 2002) . However, in vitro studies have led to the suggestion that these extra-retinal inputs act as neuromodulators that, like changes in the inhibitory tone (Steele and Mauk, 1999) , facilitate or promote NMDAR-dependent plasticity, but without being essential for the induction mechanism (Brocher et al., 1992; Kirkwood et al., 1999; Kirkwood, 2000; Kojic et al., 2000) .
Mechanistically, the distinction between an essential component and a regulatory factor of plasticity is not trivial (Sanes and Lichtman, 1999) . The importance of neuromodulators for plasticity in vivo prompted us to re-examine their role in the induction of LTD in cortical slices. Our results indicate that activation of receptors coupled to the phospholipase C (PLC) pathway, which include subtypes of cholinergic, noradrenergic, and metabotropic glutamatergic receptors, is essential for the induction of NMDAR-dependent LTD in the visual cortex. Importantly, each of the receptors examined, the metabotropic glutamate receptor mGluR5, the ␣1 adrenoreceptor, and the M1 muscarinic receptor, could independently enable the induction were done in 0.01% DMSO. Stock drug solutions were made at a 1000ϫ final concentration, aliquoted, and stored at Ϫ20°C.
Surgical lesions. Selective cholinergic lesions of the nucleus basalis magnocellularis (nBM) and substantia innominata (SI) were made with injections of 192 IgG-saporin, as described previously (Baxter et al., 1995) . Selective lesions of noradrenergic neurons in the locus ceruleus (LC) were made with anti-dopamine ␤ hydroxylase (DBH)-saporin. The 192 IgG-saporin and DBH-saporin (Chemicon, Temecula, CA) were dissolved in sterile 0.1 M PBS at a concentration of 0.25 g/l and 1 g/l, respectively. Anesthesia was induced and maintained by isoflurane (Isovet; Mallinckrodt, Mundelein, IL) inhalation. Injections of 192 IgG-saporin (0.4 l; n ϭ 9 rats) were made through a 30 gauge Hamilton syringe at eight sites [stereotaxic coordinates (in mm): anteroposterior (AP), Ϫ0.40; mediolateral (ML), Ϯ1.5 and 2.5; dorsoventral (DV), Ϫ8.0; and AP, Ϫ1.20; ML, Ϯ1.6 and Ϯ2.6; DV, Ϫ8.0], according to the atlas of Paxinos and Watson (1986) . Injections of sterile PBS (n ϭ 12) served as control in sham-operated animals. DBH-saporin (0.2 l) was injected at two sites (AP, Ϫ10 mm; ML, Ϯ1.2 mm; DV, Ϫ7.4 mm). Injections were made at the rate of 0.05 l/min, and the needle was left in place 3-4 min after each injection. Two weeks of recovery were allowed before the experiments. In some cases, reserpine (5 mg/kg, i.p., in 10% propylene glycol plus 100 l of glacial acetic acid) was given the day before the experiment to deplete cathecolamine pools.
Histological confirmation of immunolesions. After the rats were killed, the brains were removed rapidly and cut coronally into two blocks slightly posterior to the optic chiasm. The posterior block was used to obtain visual cortical slices. The anterior block and brainstem were stored in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 3 d, cryoprotected in PB containing 20% sucrose for 24 h, frozen on powdered dry ice, and stored at Ϫ80°C until further processing. Coronal sections through the basal forebrain (40 m) and brainstem were processed for the immunohistochemical localization of either choline acetyltransferase (ChAT) or DBH. Additional adjacent coronal sections were processed for acetycholinesterase (AChE) histochemistry to confirm cholinergic depletion in the cortex (Karnowsky and Roots, 1964) . The extent of the noradrenergic and cholinergic depletions in the visual cortex was directly assessed in four rats.
Endogenous peroxidase was blocked by a 30 min wash with 3% H 2 O 2 / 10% MeOH in PBS, followed by two 5 min washes in PBS with 0.3% Triton-X (PBST). To block background staining, the sections were incubated for 1 h in PBST with 10% the appropriate serum. The sections were then incubated with the appropriate antibody (ChAT, 1:200 dilution; DBH, 1:5000 dilution; Chemicon) overnight at 4°C, rinsed twice in PBST, incubated for 1 h at room temperature in the appropriate biotinylated secondary (1:200 dilution), rinsed twice again in PBST, and incubated for 1 h at room temperature in ExtrAvidin peroxidase conjugate (1:1000 dilution; Sigma). After two 5 min rinses in PBS, tissue was reacted using a Vector SG substrate kit for peroxidase (Vector Laboratories, Burlingame, CA).
Results
Previous studies using bath application of agonists have established that neuromodulators can act as regulators that promote or facilitate an NMDAR-dependent form of LTD (Kirkwood et al., 1999; Kojic et al., 2000; Blond et al., 2002) . However, a more essential role might have been overlooked for at least two reasons. First, by having a common target, multiple receptors coupled to PLC might substitute each other in supporting LTD. Second, background levels of endogenous agonists can be very high in slices (Kirkwood et al., 1999) , and electrical stimulation might recruit cholinergic and noradrenergic axons. Thus, under standard recording conditions, blocking the activation of a single receptor might be insufficient to prevent the induction of LTD. For that reason, we studied the induction of LTD under conditions aimed to reduce or prevent the activation of three receptors coupled to PLC: ␣1 adrenergic receptors, M1 muscarinic receptors, and the metabotropic glutamate receptor mGluR5.
Antagonists against neurotransmitter receptors coupled to PLC block the induction of LTD. We first tested whether antagonists against PLC-coupled receptors could block the induction of LTD. The antagonists, atropine (5 M), urapidil (10 M), and MPEP (10 M), which, respectively, target the M1 muscarinic, the ␣1 adrenergic, and the mGluR5 receptors, were bath applied throughout the experiments. At these concentrations, atropine and urapidil block the facilitation of LTD (Kirkwood et al., 1999) , and MPEP blocks the effects of mGluR5 activation on cell excitability and plasticity in brain slices (Mannaioni et al., 2001; Ireland and Abraham, 2002; Lee et al., 2002) . LTD was attempted with a low-frequency stimulation (LFS) protocol (see Materials and Methods) that reliably induces LTD in the visual cortex (Kirkwood and Bear, 1994) . As shown in Figure 1 A, when the three antagonists were applied together, LFS induced very little LTD (94.6 Ϯ 3.5% of baseline response at 1 h after LFS; n ϭ 8 rats; 14 slices) compared with the interleaved controls without the drugs (76.2 Ϯ 3.3%; n ϭ 8 and 16). LTD was also blocked when atropine was replaced by the M1-specific antagonist pirenzepine (10 M; 95.5 Ϯ 5.6%; n ϭ 3 and 7) in the antagonist mixture ( Fig. 1 B) , when urapidil was replaced by the ␣1 antagonist prazosin (10 M; 97.4 Ϯ 2.2; n ϭ 6 and 13), and when MPEP was replaced by LY341495 [100 M, which blocks type I/III and type II mGluRs at this concentration (Fitzjohn et al., 1998; Kingston et al., 1998) , also blocked LTD (92.4 Ϯ 2.8%; n ϭ 3 and 7)] (Fig. 1 B) . In contrast, robust LTD was observed when only two antagonists were applied in any combination (urapidil plus atropine: 79.5 Ϯ 2.7%, n ϭ 4 and 8; urapidil plus MPEP: 76 Ϯ 4.3%, n ϭ 5 and 9; atropine plus MPEP: 77.3 Ϯ 3.7%, n ϭ 5 and 11) (Fig. 1 B) . An ANOVA test indicated that the differences in LTD among these conditions were significant (F (6,63) ϭ 5.796; p Ͻ 0.0001), and Newman-Keuls post hoc analysis confirmed that LTD was blocked only when three antagonists were combined. Together, the results indicate that simultaneous blockade of several PLClinked neurotransmitters is necessary to block LTD. This is consistent with the concept that a minimum of PLC-linked receptor activation is required to support LTD.
Subsequently, we tested the possibility that the absence of LTD could be attributed to changes in synaptic transmission and/or NMDAR-mediated responses. As shown in Figure 1C , the antagonist mixture (in M: 5 atropine, 10 urapidil, and 10 MPEP) produced only a minor and reversible increase in the naive responses (107.0 Ϯ 1.5% at 20 min; n ϭ 2 and 8) and barely affected synaptic responses if applied after LTD was established (from 73.0 Ϯ 4.9% at 40 min to 80 Ϯ 5.3% at 60 min; n ϭ 3 and 6). We also tested the possibility that the mixture affected the responses to conditioning stimulation (Fig.  1 D) . The decay of the FP amplitude during LFS was similar (repeated-measures ANOVA; F (1,5250) ϭ 0.05; p ϭ 0.945) in the absence (n ϭ 4 and 15) and in the presence (n ϭ 4 and 17) of the mixture. The NMDAR-mediated responses, in contrast, were also unaffected by the mixture. The ratio of NMDAR/AMPAR responses, measured as described (see Materials and Methods) and shown in Figure 1 E, were similar ( p ϭ 0.65) in the presence or absence of the mixture [MPEP-urapidil-atropine (MUA), 0.31 Ϯ 0.04, n ϭ 6 and 19; control, 0.33 Ϯ 0.04, n ϭ 9 and 23]. Similarly, the mixture did not affect the rate of decay of the NMDA responses (repeated-measures ANOVA; F (1,3980) ϭ 0.16; p ϭ 0.9011; control, n ϭ 4 and 12; MUA, n ϭ 4 and 10) during 1 Hz conditioning stimulation (Fig. 1 F) . These results suggest that the antagonist mixture blocks the induction, but not the expression, of LTD, probably by acting at a step subsequent to the activation of NMDARs. PLC-coupled receptors are required specifically for the induction of LTD. It was important to determine whether blockade of PLC-coupled receptors also affects long-term potentiation (LTP). In these experiments, we attempted LTD and LTP by pairing a brief epoch of LFS (1 Hz, 200 pulses) with postsynaptic depolarization to Ϫ40 mV to induce LTD, to 0 mV to induce LTP (see Materials and Methods), to an intermediate potential of Ϫ20 mV, and to Ϫ60 mV. As shown in Figure 2 , in the presence of the antagonists, the induction of LTD with pairing at Ϫ40 mV was virtually eliminated (94.9 Ϯ 8.4%; n ϭ 6 and 8) compared with controls (73.3 Ϯ 6.0%; n ϭ 6 and 8). In contrast, pairing at Ϫ20 mV, which normally evokes a modest potentiation (106.9 Ϯ 4.6%; n ϭ 10 and 22), induced robust LTP in the presence of the antagonists (144.8 Ϯ 1.2%; n ϭ 7 and 14). In these last experiments (pairing at Ϫ20 mV), the experimenter was blind to the ACSF composition. Finally, pairing at 0 mV induced LTP of comparable magnitude ( p ϭ 0.83) in the presence (148.5 Ϯ 8.7%; n ϭ 7 and 10) or absence (146.2 Ϯ 6.5%; n ϭ 5 and 12) of the mixture, whereas pairing at Ϫ60 mV induced no change in both cases (control: 101.6 Ϯ 2.2, n ϭ 3 and 6; MUA,101.5 Ϯ 2.4, n ϭ 3 and 8). An ANOVA test confirmed the significance of these differences. Figure 2 D depicts how blocking PLC-coupled receptors affects the dependence of synaptic plasticity on the membrane potential (V m ) during pairing. The antagonist mixture caused an upward displacement on the voltage dependence of plasticity. Vertical shifts, as opposed to lateral shifts, of this type of plasticity dependence curve are interpreted as arising from specific changes in LTD (Ikegaya et al., 2002; Philpot et al., 2003) . Thus, the results are consistent with the idea that PLC-coupled receptors are selectively required for the induction of LTD only.
Elimination of cholinergic and noradrenergic inputs to the cortex alters the induction of LTD. The observation that LTD is not prevented by blocking two of the three receptors examined suggests that background levels of endogenous agonists are sufficient to support LTD in slices. To test this idea, we studied LTD in slices deprived of extra-cortical cholinergic and noradrenergic inputs. Cholinergic neurons in the nBM and SI were selectively lesioned with injections of 192 IgG-saporin, and selective lesions of noradrenergic neurons in the LC were made with anti-DBHsaporin (see Materials and Methods). These combined lesions were done at 3 weeks of age, and the experiments were conducted 2 weeks later. Immunohistological analysis of the visual cortex revealed a pronounced absence of ChAT-positive staining in 192 IgG-saporin-lesioned rats and also a loss of DBH-positive (noradrenergic) fibers after DBH-saporin lesions (Fig. 3) . Synaptic responses (quantified as the half-maximal FP) were comparable in slices from lesioned (1.19 Ϯ 0.13 mV) and sham-operated animals (1.23 Ϯ 0.13 mV). Also comparable was the magnitude of LTD induced with LFS in slices prepared from sham-operated animals (81.1 Ϯ 1.4%; n ϭ 5 and 12) and lesioned animals (75.4 Ϯ 2.4%; n ϭ 5 and 7) (Fig. 4 A) . In contrast, adding the mGluR5 antagonist MPEP (10 M) to the bath blocked the induction of LTD in the slices prepared from these lesioned animals (94.9 Ϯ 2.54%; n ϭ 5 and 7), but it did not affect LTD in shamoperated animals (MPEP: 80.5 Ϯ 5.0%, n ϭ 3 and 8) (Fig 4 A) . These differences were robust and statistically significant (ANOVA; F (3,29) ϭ 7.8; p ϭ 0.0006). Similar results were obtained with animals in which the double neurochemical depletion was attempted in a different way, by combining the cholinergic lesion with injection of reserpine 1 d before the experiment (Fig. 4 B) (see Materials and Methods). Again, LTD was robust in slices from treated animals (treated: 77.3 Ϯ 3.2%, n ϭ 4 and 8; sham: 77.0 Ϯ 2.5%, n ϭ 4 and 10) and blocked by the addition of MPEP (94.8 Ϯ 3.1%; n ϭ 4 and 11) when the experimenter was blind to the presence of MPEP in the bath (Fig. 4 B) . A two-way ANOVA confirmed the similarities between the two depletion approaches (F (1,46) ϭ 0.139; p ϭ 0.711). Together, these results indicate that, in the absence of endogenous acetylcholine and norepinephrine, the induction of LTD becomes critically dependent on the activation of mGluR5 receptors.
Cholinergic or adrenergic activation restores LTD in "depleted" slices. We wanted to test whether the block of LTD by the mGluR5 antagonist MPEP in the slices from lesioned animals resulted from insufficient PLC activation. Previous studies reported substantial M1 receptor functionality in the visual cortex after 192 IgG-saporin lesions (Rossner et al., 1995; Schliebs et al., 1996; Kuczewski et al., 2005) . Therefore, we attempted to rescue LTD by adding the M1 muscarinic agonist McN A-343 (McN, 3 M) to the bath. These experiments, shown in Figure 4C , were done in slices from six double-lesioned animals in which MPEP blocked LTD (93.3 Ϯ 2.3%; n ϭ 6 and 14). In slices from five of these lesioned animals, inclusion of McN allowed the induction LTP in the presence of MPEP (76.3 Ϯ 2.7%; n ϭ 5 and 12). In slices from two of these lesioned animals, we also rescued the MPEP block of LTD (68.0 Ϯ 4.5%; n ϭ 2 and 13) by adding the ␣1 adrenergic agonist methoxamine (10 M) in the bath. These differences were significant (F (2,36) ϭ 14.7; p Ͻ 0.001). Application of either McN or methoxamine alone without conditioning stimulation, in contrast, had little effect on the response amplitude (McN: 93.51 Ϯ 5.1%, n ϭ 2 and 5; methoxamine: 93.9 Ϯ 2.8, n ϭ 3 and 6). Together, these results indicate that activation of either cholinergic, noradrenergic, or glutamatergic metabotropic receptors is sufficient to permit the induction of LTD.
Type II mGluRs are not essential for NMDAR-dependent LTD in the visual cortex. Our results indicate that PLC-coupled receptors are essential for the induction of LTD in the visual cortex. Type II mGluRs, which are not primarily coupled to the PLC pathway, have also been implicated in the induction of LTD in other neocortical regions (Otani et al., 1999 Cho et al., 2000; . However, the role of type II mGluRs in visual cortical LTD remains unclear. In one study, the potent antagonist LY341495 was found ineffective in preventing LTD (Sawtell et al., 1999) , whereas a complete block of LTD with the antagonist MCCG was reported recently (Renger et al., 2002) . We examined the effects of 10 M MCCG (to selectively block type II mGluRs) and 100 M LY341495 (to block both, type I and type II mGluRs) on LTD under our experimental conditions. As shown in Figure 5 , neither 10 M MCCG nor 100 M LY341495 affected the magnitude of LTD (control: 80.5 Ϯ 6.5%, n ϭ 3 and 7; MCCG: 78.4 Ϯ 3.9%, n ϭ 3 and 8; LY341495: 77.5 Ϯ 4.3%, n ϭ 3 and 7; F (2,19) ϭ 0.093; p ϭ 0.92). Moreover, robust LTD was also observed when MCCG was coapplied with muscarinic (5 M atropine) and ␣1 adrenergic (10 M urapidil; LTD: 78.6 Ϯ 3.6%, n ϭ 4 and 10) antagonists. Thus, under our experimental conditions, blockade of type II mGluRs, alone or in conjunction with other receptor blockade, does not prevent LTD. Although we cannot rule out that activation of type II mGluRs might facilitate LTD under certain conditions, our results clearly indicate that type II mGluRs are not essential for NMDAR-dependent LTD in the visual cortex.
Postsynaptic PLC is required for LTD induction. The results described above indicate that activation of receptors linked to the PLC second-messenger pathway is essential for the induction of LTD. To directly test the involvement of PLC in LTD, we used slices prepared from mice lacking the ␤1 isoform of PLC (PLC␤1). PLC␤1 is the major PLC isoform in the forebrain, and PLC␤1 knock-out mice exhibit little increment of IP 3 turnover in the cortex in response to cholinergic (Kim et al., 1997) and glutamatergic (Hannan et al., 2001) activation. We compared the magnitude of pairing induced LTD in age-matched PLC␤1 knock-out, wild-type, and heterozygote 4-week-old littermates (Fig. 6 A) . LTD was substantially and significantly (F (2,28) ϭ 8.4; p ϭ 0.0014) reduced in the PLC␤1 knock-out (99.5 Ϯ 5.9%; n ϭ 4 and 9) and in the heterozygotes (102.4 Ϯ 3.6% in knock-out; n ϭ 4 and 13) compared with wild types (76.5 Ϯ 3.4%; n ϭ 4 and 10). The lack of LTD in the PLC␤1 knock-out mice was confirmed in "blind" experiments in which LTD was induced with LFS (knock-out: 95.5 Ϯ 2.0%, n ϭ 6 and 17; wild type: 82.4 Ϯ 2.3%, n ϭ 6 and 19; p ϭ 0.00017; data not shown.). These results strongly suggest that a minimum level of PLC␤1 is required for the induction of LTD.
Additional studies using slices from rat brain were done to examine the PLC dependency of LTD. A common limitation of knock-out studies is the possibility that the observed changes result from adaptations to compensate for the deleted genes. To further confirm the involvement of PLC in LTD induction, we studied the effects of the specific PLC blocker U73122, which has been reported to prevent LTD in other brain areas (Reyes-Harde and Stanton, 1998; Otani et al., 2002) . In addition, because LTD induction is initiated by postsynaptic events (Kirkwood and Bear, 1994; Torii et al., 1995; Yasuda and Tsumoto, 1996) , it was important to determine whether PLC is also required postsynaptically. LTD was attempted with the pairing paradigm (see Materials and Methods) under whole-cell current-clamp conditions, and 10 M U73122 dissolved in 0.01% DMSO was included in the recording pipette to block PLC postsynaptically. In control experiments, pipettes contained 0.01% DMSO or the inactive isomer U73343 (10 M). The results, shown in Figure 6 B, indicate that the pairing paradigm induced robust LTD when the pipette contained control solutions (DMSO only: 74.1 Ϯ 5.3%, n ϭ 9; U73343: 71.7 Ϯ 5.5%, n ϭ 12) but no depression when it contained U73122 (101.1 Ϯ 4.7%; n ϭ 14; F (2,23) ϭ 10.917; p ϭ 0.0002). These results are consistent with the idea that postsynaptic PLC activity is essential for the induction of LTD.
The effects of U73122 on synaptic responses were assessed with extracellular recordings. Bath application of 10 M U73122 severely reduced the magnitude of LTD induced with LFS (91.5 Ϯ 2.7%, n ϭ 10% compared with 75.8 Ϯ 2.5%, n ϭ 18 in control slices; data not shown). The block of LTD was reversible: in those cases in which LTD was nearly absent (95.0 Ϯ 0.9%; n ϭ 4), we were able to induce substantial ( p ϭ 0.045) LTD 20 -30 min after washing out the drug (78.6 Ϯ 4.7%) (Fig. 7A) . In contrast, a 20 min application of U73122 did not affect baseline responses, nor did it affect previously induced LTD, suggesting that the drug does not compromise the expression of LTD (Fig. 7B) .
LTD induction requires activation of IP 3 receptors. A simple interpretation of the data presented above is that M1, ␣1, and mGluR5 receptors can enable LTD induction by activating PLC. To further test this idea, we sought to restore LTD in slices treated with the antagonist mixture (Fig. 1) by activating steps downstream from PLC. PLC activity generates two second messengers: DAG, which in turn activates protein kinase C (PKC), and IP 3 , which promotes Ca 2ϩ release from intracellular stores. We first used a variety of specific blockers to assess the contribution of each pathway to the induction of LTD. As shown in Figure 8 , A and C, bath application of neither of the two PKC blockers tested, GFX (0.5 M) or staurosporine (1 M), affected the induction of LFS LTD, suggesting that this pathway is not necessary for LTD (GFX: 80.0 Ϯ 6.1%, n ϭ 6 and 8; control: 81.2 Ϯ 3.6%; p ϭ 0.67; staurosporine: 83.8 Ϯ 2.5%, n ϭ 10 and 11; control: 83.8 Ϯ 5.3%, n ϭ 8 and 9; p ϭ 0.86). In contrast, as shown in Figure 8 , B and C, intracellular application of IP 3 receptor blockers, 1 M 2-APB or 5 ml of heparin, significantly reduced pairing-induced LTD (2-APB: 96.9 Ϯ 8.6%, n ϭ 5 and 10; control 0.001% DMSO: 64.5 Ϯ 3.7%, n ϭ 7 and 9; p ϭ 0.002; heparin: 89.6 Ϯ 3.6%, n ϭ 8 and 14; control: 70.3 Ϯ 4.4, n ϭ 12 and 18; p ϭ 0.001). Similarly, bath application of 5 M CPA, a manipulation aimed to deplete the intracellular Ca 2ϩ stores by blocking the Ca 2ϩ pump also reduced LTD (data not shown; CPA: 90.6 Ϯ 1.1%, n ϭ 7 and 9; control: 78.8 Ϯ 3.5%, n ϭ 9 and 12; p ϭ 0.018). Thus, only manipulations targeting the IP 3 pathway affected the induction of LTD. Therefore, we tested whether IP 3 can restore pairing-induced LTD when the antagonist mixture (MUA) was present in the bath. In these experiments, 200 M IP 3 was included in the recording pipette, and pairing was applied at 20 min after breaking the seal to facilitate the diffusion of IP 3 . As shown in Figure  8 D, the blockage of LTD by the antagonist mixture (MUA: 102.3 Ϯ 4.9%, n ϭ 6 and 13; control: 68.8 Ϯ 2.5%, n ϭ 10 and 17) was virtually eliminated by inclusion of IP 3 (73 Ϯ 5.5%, n ϭ 4 and 13) in the pipette. These differences were significant (F (2,40) ϭ 17.184; p Ͻ 0.0001), supporting the idea that PLC-coupled receptors permit LTD by providing a minimum level of postsynaptic IP 3 receptor activation.
LTD induction in the temporal cortex and CA1 requires PLCcoupled receptors. LTD mechanisms have been described throughout the brain. We examined whether the activation of PLC-coupled receptors is required for LFS-induced LTD in two other brain regions: the temporal cortex, as a model of the associative cortex (Hayashi et al., 2004) , and the CA1 region, where NMDAR-dependent plasticity is best understood. As shown in Figure 9A , an antagonist mixture (MAP: 10 M MPEP, 5 M atropine, and 10 M prazozin) significantly reduced the magnitude of LTD induced by LFS in the layer IV3 II/III pathway of the temporal cortex (control: 73 Ϯ 2.6%, n ϭ 7 and 14; MAP: 91.1 Ϯ 1.6%, n ϭ 6 and 17; p Ͻ 0.001). Similarly, LTD in the Schaffer collateral3 CA1 pathway was also reduced by the mixture, but not when any one of the antagonists was omitted from the mixture (Fig. 9 B, C) (control: 75.0 Ϯ 1.6, n ϭ 9 and 21; MAP: 89.7 Ϯ 1.9, n ϭ 5 and 13; MA: 77.6 Ϯ 2.6, n ϭ 4 and 10; MP: 74.8 Ϯ 3.8, n ϭ 4 and 8; AP: 74.5 Ϯ 2.0%, n ϭ 4 and 7). The suppression of LTD by MAP (89.7 Ϯ 1.9%, n ϭ 5 and 13) was not as complete as compared with that obtained with the NMDAR antagonist APV (97.8 Ϯ 2.2%; n ϭ 4 and 18). Therefore, we tested antagonists against 5-HT 2 serotonergic receptors (10 M ketanserine) and against D 2 dopaminergic receptors (10 M sulpiride), which are also coupled to PLC. Adding sulpiride or sulpiride plus ketanserine to the mixture did not cause a further block of LTD (MAPS: 88.4 Ϯ 3%, n ϭ 5 and 10; MAPSK: 88.05 Ϯ 2.5%, n ϭ 5 and 11). In contrast, both sulpiride and ketanserin were capable of reducing LTD when administrated together with MPEP and atropin (MAS: 89.8 Ϯ 2.6%, n ϭ 6 and 12; MAK: 91.2 Ϯ 2.9%, n ϭ 6 and 14). An ANOVA test confirmed the significance of these findings (F (9,118) ϭ 14.133; p Ͻ 0.0001). Although we did not exhaust all antagonist combinations, the results are consistent with the notion that a portion of LTD in CA1 requires the activation of at least two of the five PLC-coupled receptors examined. Whether the PLC-dependent and -independent fractions of CA1 LTD represent independent mechanisms remains to be investigated.
Discussion
In most settings, the induction of LTD with patterned synaptic stimulation requires the activation of NMDARs, mGluRs, or both (Bear and Abraham, 1996; Huber et al., 2000; Kemp and Bashir, 2001 ). In the visual cortex, nonglutamatergic receptors have been primarily regarded as modulators that promote or facilitate the induction of LTP and LTD with suboptimal stimulation (Brocher et al., 1992; Kirkwood et al., 1999; Kirkwood, 2000; Kojic et al., 2000) . Contrary to this notion, we found that the activation of receptors coupled to PLC is essential for the induction of LTD in the layer IV3 III pathway of the visual cortex. Activating any one of the receptors studied (␣1 adrenoreceptor, M1 muscarinic receptor, and mGluR5) was sufficient to permit the induction of LTD, indicating that PLCcoupled receptors can substitute for each other in supporting LTD. Based on these results, we propose that the activation of postsynaptic PLC is an obligatory step in the induction of NMDR-dependent LTD in the visual cortex. Such an essential requirement of PLC activation could provide a mechanism to regulate cortical plasticity by extra-retinal inputs.
The involvement of PLC in the induction of LTD has been explored previously in the hippocampus (Reyes-Harde and Stanton, 1998) and prefrontal cortex . However, these studies relayed on the use of the PLC blocker U73122, a drug of limited specificity (Taylor and Broad, 1998) . Moreover, U73122 can promote LTD in slices treated with BDNF in the hippocampus (Ikegaya et al., 2002) . Several lines of evidence in the current studies underscore the critical importance of PLCcoupled receptors in the induction of LTD in the layer IV3 III pathway of the visual cortex. The induction of LTD was not only prevented by the blocker U73122, but it was virtually absent in mice lacking the PLC␤1 isoform. In addition, LTD was not induced when the activation of three PLC-coupled receptors (␣1, M1, and mGluR5) was prevented either with antagonists or by a combination of antagonists and immunolesions of cholinergic and noradrenergic nuclei. It seems unlikely that the blockade of LTD could be attributed to nonspecific effects, because it was specific to LTD rather than LTP, and converging results were obtained both with drugs and immunolesions: LTD was blocked only when the three systems/receptors were targeted together. When any one of these was spared, the induction of LTD was also spared. Moreover, when the three antagonists were present, LTD was restored by including IP 3 in the recording pipette. Similarly, after eliminating all three neuromodulatory systems, adding one agonist was sufficient to restore LTD (Fig. 4) , suggesting that the combined antagonists/immunolesions did not irreversibly disable the LTD machinery. Thus, with all of these lines of evidence, it seems reasonable to conclude that activation of PLC is a required step for the induction of LTD in the layer IV3 III pathway of the visual cortex.
The induction mechanisms of LTD vary considerably from synapse to synapse (Bear and Abraham, 1996 ; Kemp and Bashir, 2001), and different forms of LTD (mGluR and NMDAR dependent) can be induced in different cortical layers (Rao and Daw, 2004) and even induced at the same synapses (Oliet et al., 1997; Fitzjohn et al., 1999; Huber et al., 2000; Montgomery and Madison, 2002 ). An essential role for PLC has also been proposed for LFS-induced LTD in CA1 (Reyes-Harde and Stanton, 1998) and for mGluR agonist-induced LTD in the prefrontal cortex . In addition, activation of M1 muscarinic receptors (coupled to PLC) alone is sufficient to induce an NMDARindependent form of LTD in the perirhinal cortex (Massey et al., 2001) . The requirement for PLC activity may not be universal, however, because LTD induced with type I mGluR agonists in the CA1 region may occur independent of the PLC pathway (Schnabel et al., 1999; .
LTD in the layer IV3 III pathway of the visual cortex requires the activation of NMDARs, followed by an increase in postsynaptic Ca 2ϩ (Kirkwood and Bear, 1994; Yasuda and Tsumoto, 1996) . It remains to be determined how the signals (IP 3 and PKC) generated by the activation of PLC interact with the NMDARdependent pathway. PKC inhibitors did not block LTD, arguing against the involvement of this pathway in the visual cortex. Our results seem more consistent with the idea that Ca 2ϩ release from internal stores induced by IP 3 boosts the Ca 2ϩ signal initiated by the activation of NMDARs, as proposed for the CA1 region of the hippocampus (Reyes-Harde and Stanton, 1998), and perirhinal and frontal cortices. However, such a scenario would not account for the finding that the antagonist mixture does not affect pairing-induced LTP and even promote LTP at Ϫ20 mV (Fig. 2) . Alternatively, postsynaptic PLC activity might be required for the release of endocannabinoids (Chevaleyre and Castillo, 2003; Hashimotodani et al., 2005) , recently implicated in the induction of presynaptic forms of LTD (Sjostrom et al., 2003) . This scenario would account better for the specificity of the effects of the antagonists on LTD.
An essential role of PLC in LTD is seemingly at odds with the observation that application of exogenous glutamatergic agonists is sufficient to induce LTD in both hippocampal and visual cortical slices (Kandler et al., 1998; Lee et al., 1998; Dodt et al., 1999) . One must bear in mind, however, that the background levels of endogenous agonists in slices, which can be high (Kirkwood et al., 1999) , could be sufficient to support LTD (Fig. 1 B) . Thus, if under standard slice recording conditions, sufficient cholinergic and/or noradrenergic activity exists, then the induction of LTD might seem to require only the activation of ionotropic glutamate receptors. In that case, antagonism of mGluRs might not block the induction of LTD. Indeed, some of the discrepancies concerning effects of mGluR antagonists on LTD (Haruta et al., 1994; Selig et al., 1995; Huber et al., 1998; Sawtell et al., 1999 ) may relate to differing levels of endogenous acetylcholine and norepinephrine.
The notion of different neurotransmitter systems acting together to induce LTD is not restricted to the visual cortex. For example, in perirhinal cortex LTD is triggered by the coactivation of NMDAR and mGluR type I and II (Cho et al., 2000) , and in the prefrontal cortex, the induction of LTD requires the simultaneous activation of dopamine receptors and mGluRs (Otani et al., 1999) . Although the corequirement of neuromodulators may emerge as a common feature across cortical regions, the underlying mechanisms seem to differ. In the prefrontal and perirhinal cortex, the neuromodulatory systems interact in a cooperative manner such that antagonists against any receptor disrupt the induction of LTD. In contrast, in the visual cortex, at least three different PLC-linked receptors, M1, ␣1, and mGluR5, can independently enable the induction of LTD. Interestingly, the magnitude of LTD is independent of the number of receptor systems activated. This suggests that LTD requires a threshold of PLC activity and that the three PLC-coupled receptors examined can substitute for each other in this function. Whether other routes for PLC activation, like TrkB (Mizoguchi and Nabekura, 2003) and serotonergic receptors (Kojic et al., 2000) , or increases in intracellular Ca 2ϩ (Thore et al., 2004) , can also enable LTD remains an open question.
From a functional perspective, the essential requirement for neurotransmitters linked to PLC in LTD may serve to make the induction of NMDAR-dependent plasticity conditional on the behavioral state of the animal. NMDARs are thought to act as coincident detectors that can translate correlation of presynaptic and postsynaptic activity into Ca 2ϩ signals. NMDAR-dependent LTD is a particularly attractive model for developmental plasticity in the sensory cortex because it is the best known mechanism to selectively weaken synapses when the presynaptic and postsynaptic activity is uncorrelated (Song and Abbott, 2001 ; Shouval et al., 2002). We propose an additional level of coincidence detection that is required for that NMDAR-dependent plasticity. Synaptic modifications (LTD) will occur only when NMDARs are activated in conjunction with activation of PLC-linked neuromodulators. In this context, the activation of NMDARs will convey information about specific external inputs, whereas neuromodulators could provide information about the behavioral state of the organism, reflecting such variables as attention and arousal.
There is ample evidence in the intact organism that neuromodulatory systems are required for normal development (Hohmann et al., 1991; Siciliano et al., 1999; Hannan et al., 2001 ) and experience-dependent plasticity in the sensory cortices of juvenile animals (Kasamatsu and Pettigrew, 1976; Bear and Singer, 1986; Sachdev et al., 1998; Zhu and Waite, 1998) . Moreover, stimulation of the basal forebrain (cholinergic) or infusion of norepinephrine allows the experience-dependent cortical rearrangement in adult sensory cortices (Kasamatsu and Pettigrew, 1979; Kilgard and Merzenich, 1998; Shulz et al., 2000; EgoStengel et al., 2001; Manunta and Edeline, 2004) . In most cases, however, the mechanisms and receptors involved remain to be identified. We previously interpreted the role of neuromodulators in terms of facilitating plasticity, such that otherwise subthreshold input activity becomes adequate to enable cortical reorganization. Although the in vitro data in the current report suggest that activators of PLC, including glutamate, can substitute for one another, it is conceivable that the levels of PLC activity in vivo are insufficient to support LTD in the absence of cholinergic and noradrenergic inputs. In either case, behavioral states that promote activation of extra-retinal input to the cortex play a very significant role in cortical plasticity by direct gating or enhancement of NMDAR-dependent plasticity. These actions of neuromodulators provide a basis for understanding more integrative functions in cortical plasticity at a cellular level.
